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Within breeds and other captive populations, the risk of high inbreeding rates and loss of diversity can be high within (small)
herds or subpopulations. When exchange of animals between different subpopulations is organised according to a rotational
mating scheme, inbreeding rates can be restricted. Two such schemes, a breeding circle and a maximum avoidance of
inbreeding scheme, are compared. In a breeding circle, flocks are organised in a circle where each flock serves as a donor flock
for another flock, and the same donor–recipient combination is used in each breeding season. In the maximum inbreeding
avoidance scheme, donor–recipient combinations change each year so that the use of the same combination is postponed as
long as possible. Data from the Kempisch Heideschaap were used with computer simulations to determine the long-term effects
of different breeding schemes. Without exchanging rams between flocks, high inbreeding rates (.1.5% per year) occurred.
Both rotational mating schemes reduced inbreeding rates to on average 0.16% per year and variation across flocks in
inbreeding rates, caused by differences in flock size, almost disappeared. Inbreeding rates with maximum inbreeding avoidance
were more variable than with a breeding circle. Moreover, a breeding circle is easier to implement and operate. Breeding circles
are thus efficient and flexible and can also be efficient for other captive populations, such as zoo populations of endangered
wild species.
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Introduction
Captive populations are often small and consequently
inbreeding rates can be high with associated reductions in
fitness (Meuwissen and Woolliams, 1994; Boakes et al.,
2007; Oldenbroek, 2007). These populations, whether
agricultural breeds or zoo populations, are generally kept in
separate breeding units such as zoos and farms. Exchange
of animals between breeding units is often limited. Within
each (small) unit, the risk of high inbreeding rates and
associated loss of diversity is even higher. On the other
hand, genetic diversity of the whole breed or population
may be maintained, because a different, albeit small, part
of total diversity tends to remain within each subpopula-
tion. Consequently, inbreeding may be reduced by using
individuals of a different subpopulation as a parent. A
rotational mating scheme organises exchange of individuals
in a structured way so that diversity at the population level
is maintained and inbreeding within subpopulations is
reduced.
Rotational mating schemes have been in use in agri-
culture for a long time (e.g. Chevalet and De Rochambeau,
1985; Alderson, 1990; Honda et al., 2004). Several varieties
exist, but in general males that are used as sires are
provided by another subpopulation than dams. A great
advantage is that detailed pedigree records are not needed
to restrict inbreeding with rotational mating schemes.
Despite their usefulness, literature on rotational mating
schemes is scarce. Consequently, little is known about
their effectiveness, e.g. in relation to other methods that
restrict inbreeding. Cyclical mating systems, as opposed to
rotational mating schemes, have been developed for use
within populations to restrict inbreeding. Typically, each
individual is replaced by one of its offspring only, and mated
to an individual from a different family (e.g. Wright,
1921; Farid et al., 1987; Sanchez et al., 2003). The rota-
tional mating schemes discussed here function at the
(sub)population level rather than at the individual level.- E-mail: jack.windig@wur.nl
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Here females of one population are mated to males from
another population.
Several of these rotational mating schemes have been in
use to restrict inbreeding. Best described is a scheme
(Figure 1a) where a pool of females is mated sequentially to
a different inbred sire line (Honda et al., 2004). Genetic
diversity is maintained and inbreeding is restricted in the
pool because once a sire line has provided males it is
reused only after all other sire lines have been used. By that
time the contribution of the original sire line to the pool has
dwindled and hence inbreeding will be low. A second
scheme is maximum avoidance of inbreeding (MAI; Figure 1b).
Here inbreeding is postponed as long as possible by
mating females of a subpopulation each year to males of a
different subpopulation. Inbreeding occurs only after all
subpopulations have provided males once, and one is
forced to reuse a previous supplier subpopulation of males.
Finally, a so-called ram circle or breeding circle can be
used to restrict inbreeding (Figure 1c). In sheep, breeding
these have been in use over a long time. In a breeding
circle, the first flock provides sires for the second flock,
the second flock for the third flock, and so on, and the last
flock provides sires for the first flock. Flocks never use sires
born in their own flock and always use sires from the same
donor flock. Inbreeding is restricted because although sires
from the same flock are used each year, their mothers stem
from another flock. Although used in practice, breeding
circles are, apart from research by De Rochambeau and
Chevalet (1985), absent from the conservation genetics
literature.
Other methods to restrict inbreeding that need pedigree
records are, for example, minimum coancestry and related
schemes (Caballero et al., 1996) and optimal contribution
schemes (Meuwissen, 1997). In these methods, selection of
parents is based on relationships. In the case of optimal
contribution schemes, animals selected as parents and their
contributions to the next generation can be calculated so
that the average inbreeding in their offspring under random
mating is minimal. Theoretically, this is the most efficient
way to restrict inbreeding rates in the long run.
The aim of this paper is to compare two rotational mating
schemes: maximum inbreeding avoidance and a breeding
circle. The main question is how effective these methods
are compared to each other in a practical situation. To
this end, we used computer simulations using data from
the rare sheep breed, the Kempisch Heideschaap, and
compared the rotational mating schemes to no inbreeding
restriction.
The Kempisch Heideschaap is a rare sheep breed that is
kept in a small number of flocks with limited exchange of
animals between the different flocks. For sheep in The
Netherlands, a selection programme for scrapie resistance is
obligatory (Vellema, 2002; Windig et al., 2004 and 2007).
Under this programme, only rams homozygous for the ARR
allele may be used, limiting the number of potential par-
ents. Consequently, this selection programme reduces the
effective population size further and inbreeding restriction
is even more necessary in order to avoid unacceptably high
inbreeding rates.
Material and methods
Kempisch Heideschaap
The Kempisch Heideschaap was a multi-purpose breed that
produced wool, meat and manure and was herded on
relatively poor soils in the south-eastern part of The Neth-
erlands and adjacent parts of Belgium. At the start of the
1900s, the Texel sheep with superior growth characteristics
and the reduction of marginal grazing (heath) land fol-
lowing the introduction of artificial fertilisers caused a
severe decline in numbers of Kempisch Heideschaap. In the
1960s, when the breed was all but extinct, conservation
efforts started and a flock was recreated from the
remaining scattered animals. The recovery continued in the
1970s and the breed is now mainly used for grazing nature
conservancy areas. Currently, there are about 2400 animals
in the official registry of the breed association (‘flock book’)
in six large flocks (.200 animals) and two smaller flocks
(about 50 animals). Each year most females are mated, but
only about 400 offspring are used to replace older animals,
with similar replacement rates across flocks.
Breeding
There is no coordinated breeding programme for the
Kempisch Heideschaap. Breeding is mainly based on the
policy of the shepherd who selects rams for siring next
year’s offspring. Generally, young rams up to 2 years are
used for breeding. Exchange between flocks is limited to a
few animals per year, mostly rams. Mating generally takes
place by releasing rams in a flock and reliable pedigree
records are consequently not available. In recent years,
there has been strong selection for scrapie resistance.
Scrapie is a neurodegenerative disease caused by misfold-
ing of the prion protein. Polymorphism in the prion protein
encoding genes determines resistance. The main variants
are ARR, AHQ, ARQ and VRQ haplotypes. Homozygous ARR
animals are fully resistant for classical scrapie. A European-
wide eradication programme based on this polymorphism is
now in operation. In The Netherlands, only ARR/ARR rams
can be used in breeding and consequently strong selection
for ARR animals takes place. In the Kempisch Heideschaap,
the frequency of the ARR allele at the start of the research
(2004) was 40.7% and in the cohort of animals born that
year was 59.1%.
Evaluation of breeding programmes
To evaluate the effectiveness of breeding circles in
inbreeding reduction and conservation of genetic diversity
relative to other breeding programmes, computer simula-
tions were run. Two extreme possibilities of exchange were
evaluated as benchmarks. At one extreme was full
exchange of animals and complete mixing of flocks,
i.e. rams had equal probabilities of mating with ewes
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regardless of the flock origin. This mimics the situation
where the whole breed acts as one big population. At the
other extreme there was no exchange between flocks and
each flock exclusively using rams born in its own flock; in
other words, here the whole breed is split into eight sepa-
rate populations. In the real situation, exchange between
flocks is limited, but not absent. This was approximated
by running a computer simulation with rams having 5%
probability of being used outside its flock of birth.
The three previous options were compared with two
rotational mating schemes: maximal inbreeding avoidance
(Figure 1b) and a breeding circle (Figure 1c). The breeding
circle and maximum inbreeding avoidance schemes were
slightly modified for the Kempisch Heideschaap because
small flocks cannot provide enough rams for large flocks. To
accommodate for this in the simulations, the two smallest
flocks were paired to middle-sized flocks, and they together
received and provided rams for large-sized flocks (Figure 2).
Simulations were similar to Windig et al. (2004) where
the effect of selection for scrapie resistance was simulated
for different sheep breeds. For the current study, flock
structure was added to be able to evaluate rotational
mating and inbreeding rates in individual flocks. For each
simulation a population was set up in the computer,
resembling the real population of the Kempisch Hei-
deschaap as much as possible. Each animal received the
age, sex and flock membership of a real animal. Total
population size was 2160 animals divided over eight flocks
(numbers per flock in Figure 2). Sex ratio was 1 ram to 5
ewes. Animals that were not typed for the scrapie genotype
(these were all ewes) received at random a genotype with
probabilities determined by the frequency of typed animals.
In subsequent generations all animals were assumed to be
typed for the scrapie allele.
Subsequent generations were simulated assuming that
sex ratio, flock sizes, age structure and replacement rates
remained constant at the level of 2005 under all scenarios
evaluated. This meant that each year 40% of the ewes were
replaced by newborn lambs v. 68% of the rams. Ewes to
produce litters for the next generation were selected at
random. Each year the number of ewes selected was the
same as the number of litters in the breeding season 2003/
2004. Litter size was one or two, the probability of the litter
size was determined by the frequencies in 2003/2004. Ewes
stayed their whole life in the same flock where born, as this
is generally the case in the real population. ARR/ARR rams
were exclusively selected according to the scrapie elim-
ination programme. Flocks used either rams born in their
own herd or from the flock specified by the breeding circle.
In the scenario without exchange between flocks, in about
5% of the simulations ARR/ARR rams were unavailable
in the own flock, for the smallest herds. In that case, an
ARR/ARR ram from another flock was used. Relationship
coefficients between individuals and their inbreeding
coefficients were set to 0 in the base generation.
All scenarios were simulated by 25 simulations for 50
generations. Twenty-five simulations were used to gain infor-
mation on variability of results and reduce bias in the mean.
Evaluations with more than 25 runs showed that the means
hardly changed above 20 simulations (Windig et al., 2004).
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Figure 1 Rotational mating schemes involving six subpopulations. Circles
represent flocks or subpopulations. Arrows point from donor flock of
males to recipient flock. (a) Central large pool with inbreeding sire lines,
(b) maximum avoidance of inbreeding (MAI) scheme and (c) breeding
circle. Each row represents one breeding season, after a cycle of five
breeding seasons the top row scheme is used again (n is number of five
breeding season cycles since start of the scheme). One donor recipient
combination is highlighted in grey showing that in (a) there is one
recipient flock, with changing, in (b) for a particular flock the donor
changes and for (c) donor–recipient combinations are constant.
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Figure 2 Breeding circles used for restriction of inbreeding rates
evaluated in this study. Each ellipse represents one flock, arrows indicate
use of rams, pointing from donor flock to receiving flock. No rams of own
flocks are used. Left: breeding circle with all eight existing flocks, right:
breeding circle with the six participating flocks.
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The effect on genetic diversity was evaluated by inbreeding
rates and long-term contributions of founder rams. The
average inbreeding level is related to genetic diversity, but
is less suitable as a measure of diversity than inbreeding
rates (Falconer and Mackay, 1996; Holt et al., 2005). This is
because it is dependent on where the arbitrary base genera-
tion is chosen, and because it does not distinguish between
inbreeding due to recent or (very) old ancestors. Although
inbreeding rates capture most aspects of changes in diversity,
differential use of founders can be different for populations
with equal inbreeding rates, especially if populations are
structured into subpopulations such as flocks (Chevalet and
De Rochambeau, 1985; Alderson, 1990; Honda et al., 2004).
Therefore, genetic contributions (Woolliams et al., 1999;
Woolliams and Bijma, 2000; Woolliams, 2007) of founder rams
were also monitored. A genetic contribution of an individual is
defined as the proportion of genes present in a population at a
specific point in time that is derived from that individual. The
total contribution of founder rams is always 50%, with the
other half coming from the founder ewes.
DNA typing and relationship estimation
Ignoring existing relationships in the first generation may
be misleading, particularly if animals of some flocks are
more related to each other than to animals from other
flocks. Pedigree records were not available; therefore,
relationships were evaluated with the help of microsatellite
markers. One owner with two flocks decided not to take
part in the sampling scheme; therefore relationships in
only six flocks were evaluated. Blood samples from
159 animals across the six participating flocks, including all
108 rams available for breeding in these flocks, were taken.
Samples were typed for 20 microsatellite markers (Table 1).
Kinships (f ) were estimated using the weighted equal drift
similarity (WEDS) method of Oliehoek et al. (2006). In
simulations, the WEDS estimator proved to work better
than an array of commonly used kinship estimators in
structured populations with inbreeding. WEDS is an esti-
mator based on the relationship between molecular simi-
larity and f. Molecular similarity has to be corrected for
alleles that are alike in state but not identical by descent.
The WEDS estimator uses a different correction factor for
each locus so that the change in coancestry since a hypo-
thetical founder population has been equal over all loci
(details in Oliehoek et al., 2006). Average kinships within
and between flocks were computed to get an overall picture
of the current genetic diversity.
Simulations for the breeding circle scenario were repeated
with marker-estimated relationships in the first generation
for the six flocks participating in the DNA typing. Since
not all animals in the initial generation were typed, their
relationships were partly simulated, partly determined with
the help of marker-estimated kinships. Animals that were
not typed received in the simulations an inbreeding coef-
ficient equal to the average of its flock plus or minus a
random value. This value was drawn from a normal dis-
tribution with average of zero and a standard deviation
(s.d.) as in the largest flock. Likewise, relationships with
members of its own flock (other flocks) were equal to
the average relationship within the flock (with the other
flock) plus a random value. This does not guarantee a
positive definite relationship matrix, but since no inversion
of matrices was involved, the approximation of the real
relationship matrix was appropriate.
Results
The exchange of individuals between flocks determined the
rates of inbreeding. Without rotational mating, DF from
year 1 to year 2 ranged from 0.93% for full exchange
between flocks to 1.75% for no exchange between flocks
(Table 2). With an exchange of on average 5% of the rams
between the flocks, inbreeding rates were about halfway
(1.33%) between full and no exchange between flocks.
Rotational mating reduced inbreeding rates from year 1 to
year 2 to 0.45% for the breeding circle, and to 0% for MAI.
In the latter case, inbreeding was not possible since rela-
tionships between flocks in the base generation were set to
0, and consequently inbreeding could not occur until ewes
of each flock had been mated with rams from all other
flocks.
DF decreased in later years for all scenarios except for
MAI. In the first years, selection for scrapie resistance was
still strong; in later years it was absent after fixation of the
ARR allele. From year 10 onwards, average DF was constant
over years for all scenarios, except MIA and 5% exchange.
Without rotational mating it varied from 0.13% (full
exchange) to 0.96% (no exchange). For both rotational
mating schemes, DF was 0.16%, slightly above the value
for full exchange between flocks. For 5% exchange, mean
Table 1 Microsatellites used for the estimation of relatedness
Microsatellite Chromosome Nr alleles Heterozygosity
BM4301 1 10 0.591
FCB11 2 8 0.791
FCB20 2 11 0.804
MAF70 4 9 0.772
MCM527 5 6 0.533
BM143 6 11 0.747
ILSTS070 7 9 0.794
OARHH41 10 8 0.770
HUJ616 13 10 0.780
INRA63 14 14 0.796
MAF65 15 9 0.725
MAF214 16 3 0.462
CP49 17 9 0.530
OARHH47 18 12 0.828
AE119 19 7 0.637
INRA81 22 10 0.822
OARJMP29 24 8 0.747
OARJMP58 26 10 0.597
HSC ? 9 0.704
INRA49 ? 5 0.646
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DF after year 10 was on average 0.50%. It fluctuated,
however, considerably in an irregular fashion from 20.41%
to 11.01%. This was due to the random nature of the
exchange of rams. When related rams were exchanged DF
increased, and when unrelated rams were exchanged DF
decreased. Under MAI, DF fluctuated in a regular fashion,
with peaks every 5 years of about 0.40%, the next year
followed by a DF of about 20.25%, and in between
ranging from about 0.12% to 0.20% (Figure 3).
Between simulations within scenarios DF varied con-
siderably, especially in the first years, except for MAI where
no inbreeding was possible in the first year. Standard
deviations (Table 2) in the first year ranged from 0.31% (5%
exchange) to 0.39% (full exchange). For the non-rotational
scenarios, the maximum DF observed was more than
twofold the minimum DF. For the breeding circle, DF ranged
from almost 0% (0.03%) to 1.31%. In later years the dif-
ferences between simulations decreased. The smallest dif-
ferences occurred for the breeding circle (s.d. 0.011%), and
the largest differences for the 5% exchange (s.d. 0.062%).
In the latter case, DF between years within simulations
varied from 24.0% to 14.0%. Variation was somewhat
higher for MAI (range 0.11% to 0.20%) than for the
breeding circle (range 0.15% to 0.18%).
Over flocks inbreeding rate varied, especially when no
animals were exchanged between flocks (Figure 1). In that
case, DF within flocks varied, depending on flock size from
1.84% (largest flock) to 4.27% (smallest flock). In later
generations DF varied from 0.84% to 3.19% within flocks.
With 5% exchange between flocks, DF within flocks varied
from 0.28% for the largest flock to 1.99% for the smallest
flock. There was slightly more variation under MAI than
under the breeding circle scheme. For MAI the inbreeding
rates varied between years within flocks in a regular 5-year
Table 2 Inbreeding rates (DF, in %) and long-term contribution of founder rams (in %) estimated by computer simulations for eight flocks
No exchange 5% Exchange One population Breeding circle MIA
Overall DF year 1 to 2
Mean (s.d.)* 1.75 (0.37) 1.33 (0.31) 0.93 (0.39) 0.45 (0.37) 0
Range 1.04 to 2.21 0.89 to 1.83 0.78 to 1.60 0.03 to 1.31 0 to 0
Overall DF year 10 to 50
Mean (s.d.) 0.96 (0.035) 0.50 (0.062) 0.13 (0.017) 0.16 (0.011) 0.16 (0.023)
Range 0.84 to 1.09 0.39 to 0.62 0.09 to 0.16 0.15 to 0.18 0.11 to 0.20
Total contribution top 10 rams
Mean 20.9 23.3 21.8 22.5 22.0
Range 16.8 to 24.2 12.6 to 32.7 17.2 to 26.3 19.4 to 27.2 18.2 to 25.4
No. of rams with contribution .0%
0% to 1% 22 21 18 17 18
1% to 2% 11 5 9 9 9
2% to 3% 3 3 4 3 3
3% to 5% 1 1 1 2 1
.5% 0 1 0 0 1
Total .0% 36 31 32 31 32
Evaluated are no exchange between flocks, 5% of rams exchanged, rams exchanged according a breeding circle, rams exchanged according to a maximum
inbreeding avoidance (MIA) scheme and full exchange across all flocks (i.e. one population). Number of rams with contribution is the number out of 360
founder rams contributing to the population after 20 years of breeding.
*Mean and s.d. of 25 simulations.
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Figure 3 Predicted average inbreeding coefficients for all eight flocks of
the Kempisch Heideschaap. Inbreeding coefficients were estimated with
computer simulations. Each line is the average of 25 simulation runs.
Dashed lines (top in top panel): no exchange of rams between flocks.
Order of dashed lines from top to bottom is according to flock size, from
smallest flock at top (flock no. 6) to largest flock at bottom (flock no. 1).
Stippled lines: exchange of rams organised according to breeding circle.
Solid lines: exchange organised according to maximum inbreeding
avoidance scheme. Relatedness in first generation was set to 0. Lower
panel is enlargement of section of the top panel to show pattern and
variation in breeding circle and maximum inbreeding avoidance schemes.
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pattern similar to the overall pattern for the whole popu-
lation. For the smallest flock this pattern ranged from
20.92% to 10.98%, while for the largest flock it ranged
from 20.20% to 0.30%. When inbreeding rates are cal-
culated over a 5-year period they ranged over flocks from
0.17% to 0.60%. When exchange was organised following
a breeding circle, variation in DF across flocks reduced
considerably. DF within flocks varied from 0.21% to 0.51%
in the first generation. In later generations DF hardly
varied over flocks (0.16% to 0.18%). The breeding circle
thus seems an efficient way not only to reduce inbreeding
rates, but also to equalise variation in inbreeding rates
across flocks.
The contribution of founder rams to later generations
stabilised after 20 years. The largest number of contributing
founder rams was 36 for no exchange (Table 2). For all
other scenarios the number of contributing founder rams
was 31 or 32. The 10 rams with the highest contributions
contributed 20.9% (no exchange) to 23.3% (5% exchange).
Thus, slightly less than half of the total contribution of 50%
of all rams was contributed by 10 rams under all scenarios.
Under all scenarios contributions varied across simulations,
with the largest variation observed for 5% exchange, e.g.
top 10 rams contribution varied from 12.6% to 32.3%
under 5% exchange. Apart from 5% exchange the dis-
tribution was remarkably similar under different scenarios.
For 5% exchange more rams with contributions between
0% and 1% were observed, and less rams with contribu-
tions between 1% and 2%, than for the other scenarios.
Marker-estimated relationships
Estimated coancestries in the founder generation were on
average 0.199, with an s.d. of 0.063 and varying from 0 to
0.553. Average inbreeding coefficients of flocks varied from
0.158 to 0.272 (Table 3). If within-individual relationships
are included in the average relationship coefficients of
flocks (Table 4), the smallest flocks have the highest aver-
age relationship. This indicates that with random breeding
within flocks, inbreeding rate will be highest in these
flocks. Relationships tended to be higher within flocks than
across flocks (Table 4), indicating that exchanging animals
between flocks will reduce inbreeding. Average relationship
coefficients between flocks ranged from 0.17 to 0.22. This
relatively small variation indicates that in the first genera-
tion of a breeding circle the inbreeding rates will depend
to a limited extent only on which flock provides rams for
each flock.
A breeding circle had the effect that in the first years
average inbreeding coefficients of flocks converged (Figure 4).
Average inbreeding coefficients increased for the two flocks
with the lowest initial inbreeding, and decreased for the
four flocks with the highest inbreeding. Consequently,
inbreeding rates within flocks in the initial generation
ranged from 211.7% to 14.0% (Table 5), resulting in an
overall DF in the first generation of 22.39%. Inbreeding
Table 3 Flocks participating in the breeding circle and DNA typing
Flock Size No. of typed animals Average F (%) Average f (%) Rams/year Lambs/year
1 550 60 23.3 21.3 11 246
2 400 26 23.9 19.6 8 179
3 350 30 27.2 22.3 7 156
4 250 33 19.5 22.4 5 134
5 60 5 15.8 18.7 2 27
6 50 5 23.8 25.8 1 22
Size is total of breeding males and females, typed animals include all rams available for breeding. Average F is the average inbreeding coefficient (self-
coancestry) of typed individuals, average f is the average kinship (coancestry) between typed individuals. F and f are marker-based estimates.
Table 4 Average estimated kinships within and across flocks
1 2 3 4 5 6
1 0.219
2 0.189 0.212
3 0.194 0.195 0.238
4 0.206 0.181 0.192 0.235
5 0.179 0.193 0.174 0.169 0.278
6 0.190 0.221 0.193 0.192 0.218 0.330
Within flock estimates (in bold on diagonal) include self-coancestries.
0.12
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Figure 4 Effect of breeding circle with six flocks. Inbreeding coefficients
and relationship coefficients are estimated in generation 0 with the help
of markers. Each line represents the average of a single flock over 25
simulations.
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rates stabilised after a few generations around 0.31%, with
hardly any variation across flocks.
Discussion
Rotational mating schemes, and breeding circles in particular,
proved to be an efficient way to reduce inbreeding rates. The
advantage of rotational mating schemes is that inbreeding
restriction can be achieved in a relatively simple way. There
is no pedigree needed as in, for example, the method of
Goyache et al. (2003), nor estimation of relatedness using
molecular markers. Utilisation of animals from outside the
subpopulation will generally reduce inbreeding rates but the
advantage of rotational mating schemes is that this is done in
a systematic way so that in the long run low inbreeding rates
are assured. Two steps involved in inbreeding are selection of
the parents and mating of the selected parents. The first step
is the most important in determining rates of inbreeding in
the long run, the second may prevent excessive inbreeding by
avoiding the mating of closely related individuals but does not
influence long-term inbreeding rates (Falconer and Mackay,
1996; Woolliams, 2007). Rotational mating is involved in both
steps. Selection of parents is restricted because each unit
has to provide sires preventing the selection of a few highly
related sires. The selected sires are mated to ewes from dif-
ferent units preventing the mating of highly related parents.
Several interesting points can be concluded from the
simulations. The difference in inbreeding rates across flocks
reduces for the maximal inbreeding avoidance scheme and
almost disappears for the breeding circle. This means that
the smallest flocks benefit more than the larger flocks.
However, all flocks benefit and in the schemes provided
here, small flocks also contribute to inbreeding restriction.
The number of founder rams contributing to later genera-
tions is maximised when there is no exchange between
flocks. Rotational mating schemes are very similar in this
respect to complete exchange between flocks. Another
effect of breeding circles is that for flock owners inbreeding
rates are more predictable, because they are the same over
the whole population and less dependent on flock size and
irregular import of animals from outside the flock. In the
initial generations when selection for scrapie resistance was
strong, the inbreeding rate with a breeding circle was even
lower than inbreeding in a completely random mating
population without flocks. Apparently, the breeding circle
prevents mating of related animals with the desired geno-
types, by keeping them separate in flocks. The maximum
inbreeding avoidance scheme works even better in this
respect. At least in the initial generations inbreeding is
completely avoided by using each year a different herd.
However, in reality, animals of different flock are somewhat
related (e.g. Table 4) so that even with maximum
inbreeding avoidance some inbreeding will occur at the
start of the scheme.
The difference between breeding circles and MAI with
respect to average inbreeding coefficients was investigated
for different numbers and sizes of breeding units and dif-
ferent relationships between them, by De Rochambeau and
Chevalet (1985). With few (e.g. 5) breeding units, breeding
circles performed better than MAI. However, average
inbreeding coefficients were lowest under MAI when the
population was split into more (e.g. .10) breeding units.
Unfortunately, the effect on inbreeding rates was not
investigated, nor the effects after 20 generations. MAI
avoids inbreeding as long as possible by mating different
breeding units each year (or generation). Thus, initially MAI
is the best possible solution. After all units have been
crossed, however, inbreeding also increases under MAI.
Since breeding structures are set up to conserve diversity
for the long term, it is more important to monitor
inbreeding rates in later generations. The success of a
breeding programme aimed at conserving diversity, how-
ever, depends not only on its ability to reduce inbreeding
but also on its usefulness in practice.
A breeding circle has several practical advantages over a
maximum inbreeding avoidance scheme. An important
advantage is that inbreeding rates are less variable, both
between years and between flocks. This makes the
inbreeding rates more predictable, and reduces the prob-
ability of a flock having in a particular year a too high
inbreeding rate. Another practical advantage of breeding
circles is that addition of a subpopulation can easily be
incorporated in the scheme, contrary to the maximum
inbreeding avoidance scheme. Moreover, because sub-
populations always receive males from the same donor
subpopulation, the breeding circle can be designed in such
a way that, for example, the geographical distance between
subpopulations exchanging animals is minimised. Also, if an
owner of a population does not wish to have contact with a
particular other owner, for personal reasons or other, the
owners can be placed at opposite ends of the circle so that
inbreeding restriction does not suffer from incompatibility
between two owners. In a maximal inbreeding avoidance
scheme, all owners will have to exchange individuals at
some point with each other.
Breeding circles have some similarities with sire reference
schemes. In sire reference schemes, teams of rams (refer-
ence sires) are formed that are to be used in different
flocks to increase genetic connectedness between flocks.
Table 5 Inbreeding rates (DF) estimated by computer simulations
DF1 DF10 to 50
Overall population 22.39 0.32
Flock 1 26.95 0.32
2 22.66 0.30
3 211.20 0.30
4 25.34 0.32
5 1.25 0.33
6 4.02 0.32
Each estimate is the average of 25 simulations. Scenario evaluated is a
breeding circle with six participating flocks. DF1: inbreeding rate in first
year, based on marker-estimated relatedness of existing parental generation.
DF10 to 50: inbreeding rate from 10th to 50th year.
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This enables more reliable breeding value estimation and
more efficient selection. As a side-effect, inbreeding may be
reduced when using a sire reference scheme, because
reference sires are used outside their native flock (Roden,
1996; Lewis and Simm, 2000). A difference with breeding
circles is that rams may be used in more than one flock and
that reference sires can be used next to rams born in the
flock itself. Breeding circles are designed to decrease
inbreeding levels, but as a side-effect will increase genetic
connectedness.
Breeding circles will be effective for other species as well.
This extends not only to agricultural species, but also, for
example, to zoo species. The attractiveness of a breeding
circle is that the existing population structure is kept intact.
For example, if zoos on two different continents contain
populations of a threatened species, transcontinental
transport is needed for only two donor–recipient combi-
nations, while the remaining part of the breeding circle can
be implemented within continents. This may be especially
efficient if some zoos have facilities for artificial insemina-
tions while others have not. Another great advantage is
that even if a zoo can house only a single family of a
particular species, they can still contribute to and benefit
from the inbreeding restriction scheme of the whole
population. Even for species distributed over a large num-
ber of zoos, a breeding circle is relatively easy to manage,
since for each zoo only two contacts, the donor and the
recipient zoo, are needed.
For non-captive wild species, rotational mating schemes
are less interesting, since it is generally not possible to
catch all males and release them in another subpopulation.
However, a reduced breeding circle where instead of all
males a few males are exchanged following the scheme of
a breeding circle may provide an alternative. Intuitively, the
effect must be similar to the breeding circles described here,
since in a breeding circle females already remain in the
same population. Simulations are however needed to
determine what the effect is if (some) males remain as well
in the same subpopulation. Interestingly, in natural popu-
lations such as deer, a kind of rotational mating occurs
naturally because males leave the herd in which they were
born before reaching adulthood.
Breeding schemes within flocks that reduce inbreeding
were already investigated by Wright (1921 and 1938).
Kimura and Crow (1963) suggested MAI. It is interesting
that MAI within flocks is proven not to be always the most
efficient way to reduce inbreeding (Montgomery et al.,
1997). Sanchez et al. (2003) investigated a number of
schemes whereby each animal is replaced in the next
generation by one offspring only. They concluded that a
so-called round robin scheme was the most effective in
reducing inbreeding rates. Here, animals are split over
breeding groups and each breeding group provides the dam
for the next breeding group, except in two cases. One
breeding group consists of entirely males and provides sires
for all other breeding groups, and one breeding group
provides the dam for its own group and the next group as
well. There is thus some similarity with a breeding circle
where each breeding group provides sires for the next
breeding group.
After the publication of de Rochambeau and Chevalet
(1985), breeding circles are conspicuously absent in the
conservation genetics literature. There is some literature on
rotational mating schemes with a central group of females
mated rotationally to different inbred sire lines (Figure 1a).
Whether such schemes are more, equally or less efficient
than breeding circles is not clear. Honda et al. (2004)
analysed such schemes theoretically, thus enabling to
establish without simulations the effect of varying flock
sizes or number of participating flocks. A similar under-
taking will be needed for breeding circles. Currently, it is not
clear what the answer is to questions like how many flocks
is optimal, is pairing of small flocks with larger ones such as
done in this study the best way, is it better to split a large
flock into two flocks, etc. Moreover, one cannot predict in
advance what the inbreeding level will be with a breeding
circle and simulations have to be set up to determine this.
Prediction of inbreeding levels will be easier if an analytical
approach is available.
It is also not clear in what cases MAI, breeding circles or
inbred sire lines are the most efficient way to reduce
inbreeding. The results of de Rochambeau and Chevalet
(1985) suggest that with less breeding units (e.g. ,6)
breeding circles may be more efficient than MAI. Popula-
tions can always be split into more breeding units so that
MAI may be more efficient than a breeding circle. The
question is whether this holds in the long run, and whether
splitting into more units is always practicable. Part of the
advantage of MAI is caused by the delaying the use of the
same donor–recipient combination of flocks as long as
possible. With stronger relationships between flocks this
advantage is smaller, and in the long run this advantage
disappears. Although it is not clear under which circum-
stances MAI or breeding circles are the most efficient, it is
clear that both breeding circles and MAI are an efficient
way to reduce inbreeding.
Optimal contribution is in theory the most efficient way
to reduce inbreeding. It has the advantage that it takes all
relationships in the population into account and therefore
finds the optimal solution. In practice, however, several
difficulties arise when trying to implement optimal con-
tribution. First of all relationships of animals need to be
known. In case of unknown or unreliable pedigree records,
this means that marker-estimated kinships are needed,
which can be quite costly. In this paper, we estimated
relationships for all the rams and a few ewes only. Such
relationships in the initial generation enables the combi-
nation of optimal contribution in the initial generation fol-
lowed by a breeding circle in later generations. Or one may
decide to estimate relationships with markers, once every
10 generations or so, or, for example, every n generations
if there are n subpopulations, and combine optimal
contributions with a breeding circle. Another disadvantage
of optimal contribution is that contributions can be hard
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to realise. With artificial insemination it is easier to vary
the contributions of potential fathers, but most rare
breeds rely on natural inseminations. Breeding circles,
although less efficient than optimal contribution, are more
practical in use. In practice, the choice of an inbreeding
reduction scheme will also be guided by the ease of
implementation. Optimal contribution has probably the
greatest advantage in a population with a reliable pedigree
that is structured in different units (Oliehoek et al., 2006).
The attractiveness of a breeding circle is that the existing
breed structure of flocks is kept intact. In dairy cattle a
scheme with a central nucleus of commercial females that is
rotationally mated with inbreeding lines may be more
appropriate.
Inbreeding rates in the Kempisch Heideschaap will be
high in the coming generations without special measures.
The simulations indicated that inbreeding rates will be over
1.33% under the scenario of 5% exchange of rams, which
probably matches the current situation the closest. This is
well above the limit of 1% above which the population
status is considered critical (Food and Agriculture Organi-
zation (FAO), 1998). Breeding circles are a practical and
efficient way to reduce inbreeding and the flock book
decided to implement a breeding circle for six flocks
starting in the breeding season of 2006.
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